Ferferieva V, Van d Bergh A, Claus P, Jasaityte R, Veulemans P, Pellens M, Gerche AL, Rademakers F, Herijgers P, D'hooge J. The relative value of strain and strain rate for defining intrinsic myocardial function. Am J Physiol Heart Circ Physiol 302: H188 -H195, 2012. First published November 11, 2011 doi:10.1152/ajpheart.00429.2011It is well accepted that strain and strain rate deformation parameters are not only a measure of intrinsic myocardial contractility but are also influenced by changes in cardiac load and structure. To date, no information is available on the relative importance of these confounders. This study was designed to investigate how strain and strain rate, measured by Doppler echocardiography, relate to the individual factors that determine cardiac performance. Echocardiographic and conductance measurements were simultaneously performed in mice in which individual determinants of cardiac performance were mechanically and/or pharmacologically modulated. A multivariable analysis was performed with radial and circumferential strains and peak systolic radial and circumferential strain rates as dependent parameters and preload recruitable stroke work (PRSW), arterial elastance (E a), end-diastolic pressure, and left ventricular myocardial volume (LVMV) as independent factors representing myocardial contractility, afterload, preload, and myocardial volume, respectively. Radial strain was most influenced by E a (␤ ϭ Ϫ0.58, R 2 ϭ 0.34), whereas circumferential strain was strongly associated with E a and moderately with LVMV (␤ ϭ 0.79 and Ϫ0.52, respectively, R 2 ϭ 0.54). Radial strain rate was related to both PRSW and LVMV (␤ ϭ 0.79 and Ϫ0.62, respectively, R 2 ϭ 0.50), whereas circumferential strain rate showed a prominent correlation only with PRSW (␤ ϭ Ϫ0.61, R 2 ϭ 0.51). In conclusion, strain (both radial and circumferential) is not a good surrogate measure of intrinsic myocardial contractility unless the strong confounding influence of afterload is considered. Strain rate is a more robust measure of contractility that is less influenced by changes in cardiac load and structure. Thus, peak systolic strain rate is the more relevant parameter to assess myocardial contractile function noninvasively. echocardiography; tissue Doppler imaging; loading OVER THE PAST DECADE, myocardial deformation measures (strain and strain rate) have been adopted into research applications given their promise as a noninvasive quantitative assessment of myocardial contractile function. However, the translation of these promising tools from theory to clinical practice has been complicated by debate as to the relative confounding influences of muscle load, hypertrophy, and chamber dilation. The important goal of quantitative assessment of (regional) myocardial contractile function will remain elusive until our understanding of these interdependent factors is resolved.
OVER THE PAST DECADE, myocardial deformation measures (strain and strain rate) have been adopted into research applications given their promise as a noninvasive quantitative assessment of myocardial contractile function. However, the translation of these promising tools from theory to clinical practice has been complicated by debate as to the relative confounding influences of muscle load, hypertrophy, and chamber dilation. The important goal of quantitative assessment of (regional) myocardial contractile function will remain elusive until our understanding of these interdependent factors is resolved.
In isolation, deformation represents the interaction between contractility and load. For example, in the setting of an unchanged contractile state, an increase in afterload or decrease in preload would be expected to reduce strain and strain rate. However, the interpretation of deformation becomes complex when one moves from the principles of unidirectional forces on single muscle fibers to the multidirectional array of fibers in the human heart, which constantly remodel to adapt to load changes on the one hand and on the other from an isolated system to an intact circulation, where much of the loading conditions of the ventricle are created by the force and extent of ejection itself into a more or less compliant aorta. Early animal studies have proven the intrinsic relationship between strain/strain rate and myocardial contractility using invasive measures of contractility as a gold standard (6, 10, 24) . However, additional studies have shown that both parameters are not only dependent on intrinsic contractile function of the myocardium but are also influenced by ventricular size (17) , hypertrophy (8) , and load (1, 4, 22) .
Most of these studies have used acute load interventions to assess changes in strain, but such maneuvers fail to represent the pathologies most frequently encountered in clinical practice whereby one wishes to extract information about myocardial contractile performance from a milieu of adaptive changes to chronic load exposure. For example, while systemic hypertension represents a state of heightened left ventricular (LV) afterload, it also results in chronic LV structural remodeling, which will affect strain and strain rate. Moreover, the direction and magnitude of these influences may be difficult to predict. Thus, with the goal of facilitating translation from theory to the clinic, it might be more relevant to study changes in deformation after load and contractility interventions combined with adequate time for compensatory structural remodeling. The use of an animal model enables more accurate appraisal of true underlying contractility by invasive measurement standards.
From the above studies, it is therefore well accepted that strain and strain rate parameters are dependent on the different determinants of overall cardiac performance and do not depend on intrinsic myocardial contractility alone. However, to our knowledge, no information is available on the relative strength of these relationships. To test this dependency of strain and strain rate, ideally, one would have a model in which one of these parameters is varied while all other variables remain constant. However, due to the complex interplay between preload-afterload-contractility and heart rate (HR), such pure chronic models in vivo are very difficult to create. For this reason, in this study, we chose to modulate different determinants of overall cardiac performance through left anterior descending coronary artery (LAD) ligation, aortic banding, and dobutamine stress in animal models that incorporate both acute and chronic changes in inotropy and load, respectively. Additionally, we used a multivariable analysis to determine which factors were most strongly associated with echocardiographic strain and strain rate measures. Animal preparation. Twenty-four male C57BL6/J mice (age: 23 wk, body weight: 32 Ϯ 3 g) were used in this study. Animals were assigned to the following groups: control [wild type (WT), n ϭ 8], myocardial infarction (MI; n ϭ 8), and transaortic constriction (TAC; n ϭ 8).
METHODS

This investigation conformed with the National Institutes of Health
Surgical interventions. Mice were anesthetized with pentobarbital sodium (40 -70 mg/kg ip), intubated, and mechanically ventilated (140 strokes/min, tidal volume: 7 l/g, Minivent 845, Hugo Sachs/ Harvard Apparatus). Body temperature was maintained with a heating pad and monitored with a rectal probe. In one group of animals (n ϭ 8), a left thoracotomy was performed in the intercostal space between the third and fourth rib, and the heart was exposed. After the pericardium had been opened, the LAD was located and occluded with 6/0 prolene suture (Ethicon, Johnson & Johnson). Occlusion was confirmed by the observation of LV pallor immediately after the ligation. The chest was closed, the lungs were reinflated, and the endotracheal tube was gently retracted after the restoration of spontaneous respiration (21) .
In a second group of animals (n ϭ 8), TAC was performed by ligation (7-0 prolene) of the aorta between the inominate and left common carotid arteries, with an overlying 27-gauge needle, followed by removal of the needle (16) .
Experimental protocol. Echocardiographic and conductance measurements were simultaneously performed in all animals 10 wk postsurgery. Mice were anesthetized with a mixture of urethane (1,200 mg/kg ip) and ␣-chloralose (50 mg/kg ip). A tracheotomy was performed, and the mice were mechanically ventilated (140 strokes/ min, tidal volume: 7 l/g, Minivent 845, Hugo Sachs/Harvard Apparatus). To modulate the inotropic state of the heart, dobutamine (5 g·kg Ϫ1 ·min Ϫ1 ) was infused after baseline acquisition via the right jugular vein until a HR increase of at least 15% was obtained. After stabilization of the animals, a second set of echocardiographic and hemodynamic measurements was recorded. Blood conductance was determined at the end of each experiment using four cylindrical chambers with known volume loaded with fresh heparinized blood from each individual.
Echocardiography. Transthoracic echocardiography was performed at rest and during dobutamine infusion with a Vivid 7 ultrasound machine (GE Vingmed Ultrasound, Horten, Norway) using a 14-MHz linear array transducer (i13L). Parasternal long-axis plane and short-axis views at the basal, midventricular, and apical levels were acquired using B-mode and tissue Doppler imaging (TDI) mode with temporal resolutions of 224 and 375 frames/s, respectively, and a depth of 1 cm. The velocity range for TDI was set as low as possible while still preventing aliasing.
LV dimensions were measured from three consecutive cardiac cycles on the B-mode tracings. LV volumes were calculated as follows: ϫ D M 2 ϫ B/6, where DM is the diameter of the ventricle in the midventricular short-axis view and B is the LV length on the parasternal long-axis image. Subsequently, LV myocardial volumes (LVMVs) were calculated as the difference of epicardial and endocardial volumes. Additionally, LV ejection fraction (EF; in %) was measured as follows: EF: LV end-diastolic volume Ϫ LV end-systolic volume/LV end-diastolic volume.
Tissue Doppler-derived strain and strain rate. TDI analysis was performed offline using dedicated software (SPEQLE) (5) . The sampling volumes were positioned along the anterior and posterior ventricular walls for the calculation of radial components and the lateral free wall for the assessment of circumferential strain and circumferential strain rate (Fig. 1) .
Strain rate was calculated as the spatial gradient in myocardial velocities over the computation area. Lagrangian strain profiles were subsequently estimated by time integrating the strain rate profile. Lateral averaging of 3-5 beams/pixels was performed, and the values for peak systolic velocity, strain, and strain rate were averaged over a mean of 10 Ϯ 4 consecutive cycles, an approach typically used to improve the strain (rate) signal-to-noise ratio (25) . A strain estimation length of 0.8 -1 mm was used depending on the thickness of the wall. The software allows tracking of the region of interest based on manual tracking the motion in two orthogonal anatomic M-modes. This was done to ensure that the sample volume is maintained in the same anatomic position throughout the cardiac cycle. The posterior myocardial velocity profiles were used to indicate end diastole and end systole, as previously described (11) . This method has been recently validated against hemodynamics and sonomicrometry (19) .
Finally, the strain (rate) measurements done at the basal, midventricular, and apical levels were averaged to obtain one representative value for the whole ventricle.
Pressure-volume measurements. A four-electrode pressure conductance catheter (1.4-Fr, SPR-839, Millar Instruments) was inserted in the right carotid artery and advanced into the LV to measure instantaneous intraventricular pressure and volume. Analysis of the pressure-volume loop data sets was performed with PVAN 3.2 software (Millar Instruments). The maximal rate of developed LV pressure (dP/dtmax), maximal value of time-varying elastance, end-systolic elastance (Ees), arterial elastance (Ea), and preload recruitable stroke work (PRSW) were measured as previously described (23) . The maximal rate of pressure decay (dP/dt min) and time constant of isovolumic relaxation were also obtained.
Intra-and interobserver variability. Four data sets from each animal group were randomly chosen and reanalyzed by the same observer to test the intraobserver variability as well as by another experienced observer to test the interobserver variability. These analyses were repeated at least 2 mo after the first analysis, and the observers were blinded to the first readings. Intra-and interobserver variability assessments were performed over ϳ10 cycles from each data set, which were not necessarily the same beats from the first analysis.
Statistical analysis. Values are expressed as means Ϯ SD. The hemodynamic and echocardiographic measurements during dobutamine were compared with baseline for each animal group using a paired t-test. Differences between the groups were tested using ANOVA with an additional Tukey post hoc test when appropriate. A forward stepwise multiple regression analysis with the prospectively chosen parameters of PRSW, end-diastolic pressure, E a, and LVMV as independent variables and radial/circumferential strain and strain rate as dependent variables was performed. Standardized ␤-coefficients were used as an estimate of the impact of the individual predictors on the dependent variable. P values of Ͻ0.05 were considered statistically significant.
To report the intra-and interobserver variability, the mean as a ratio of the absolute difference to the mean of the two repeated measurements was calculated and expressed as a percentage.
Statistical analysis was done using STATISTICA 7.1 (StatSoft, Tulsa, OK).
RESULTS
Hemodynamics.
A summary of the invasive hemodynamic measurements obtained at baseline and during stress is shown in Table 1 .
At rest, HRs were similar in all groups. Significant decreases in dP/dt max and dP/dt min were observed in the MI group compared with the control group, along with a considerable increase in the time constant of isovolumic relaxation and E a (P Ͻ 0.05).
During stress, HR and dP/dt max increased significantly in all groups. Time-varying elastance and PRSW were substantially increased in WT and TAC mice, yet no significant increases in those parameters were observed in the MI group.
Conventional echocardiography. At rest, end-diastolic posterior wall thickness and myocardial volumes were significantly increased in the TAC group, whereas increased LV diameters were observed in the MI group along with a decrease in EF and fractional shortening ( Table 2) . Dobutamine infusion resulted in a substantial decrease in LV diameters and higher fractional shortening only in the WT and TAC groups (P Ͻ 0.05 vs. rest).
Tissue Doppler-derived strain and strain rate. At rest, a decrease in radial strain was detected in the MI group compared with the control group (P Ͻ 0.05), although peak systolic radial strain rate values were similar for all groups (Table 2) . However, circumferential strain and circumferential strain rate were significantly decreased in the MI group (P Ͻ 0.05 for both parameters).
Dobutamine infusion induced an increase of radial strain only in the WT group (P Ͻ 0.05). Additionally, significant increases in radial and circumferential strain rates were observed in both control and banded mice, along with a significant augmentation of circumferential strain (P Ͻ 0.05). Regarding the MI group, there was a trend toward increased strain and strain rate values; however, it did not reach statistical significance.
Sensitivity of myocardial strain and strain rate on factors determining cardiac performance. The best fitting models from the forward stepwise multiple regression analysis are shown in Fig. 2 .
Radial strain was most influenced by E a (␤ ϭ Ϫ0.58, R 2 ϭ 0.34), whereas circumferential strain was strongly associated with E a and moderately with LVMV (␤ ϭ 0.79 and Ϫ0.52, respectively, R 2 ϭ 0.54). Regarding peak systolic strain rates, radial strain rate was related to both PRSW and LVMV (␤ ϭ 0.79 and Ϫ0.62, respectively, R 2 ϭ 0.50), whereas circumferential strain rate showed a prominent correlation only with PRSW (␤ ϭ Ϫ0.61, R 2 ϭ 0.51). Intra-and interobserver variability. The intraobserver variability of radial and circumferential strain rate repeated measurements was 19.8 Ϯ 14.5% and 13.5 Ϯ 11.1%. The second observer could reproduce these strain rate values with a variability of 21 Ϯ 15.2% and 20 Ϯ 12.8%, respectively.
DISCUSSION
End-systolic strain and peak systolic strain rate have been proposed as echocardiographic parameters to noninvasively quantify myocardial contractile function. However, previous studies have demonstrated that both parameters are not only dependent on myocardial contractility but are also influenced by other factors that determine overall cardiac performance, such as preload, afterload, and myocardial mass. To date, the relative importance of each of these relationships remains unknown. Moreover, most of the experimental studies were done in acute settings and might thus not hold true in chronically diseased hearts.
The major contribution of this study was therefore that it shows that end-systolic strain is more sensitive to afterload conditions than to intrinsic myocardial contractility, whereas peak systolic strain rate is primarily dependent on myocardial contractility irrespective of the loading conditions.
Characterization of the mouse models. As expected, 10 wk of MI induced ventricular dilation, global LV dysfunction, and an increase in E a as a result of low stroke volume (Table 1 ) (20) . Furthermore, circumferential strain and circumferential strain rate were significantly reduced, whereas this was not the case for radial strain rate (Table 2) .This is likely due to the averaging of strain values over the three different ventricular levels to obtain one representative value for the whole ventricle.
Aortic banded mice showed increased end-systolic pressures along with increased wall thickness and myocardial volumes that resulted in significant LV hypertrophy in these animals ( Table 1 ). This is in concordance with various experimental and clinical studies that have demonstrated that LV mass progressively increases after a period of increased afterload along with a prominent decrease in EF and global strain (14) . Although significantly increased compared with WT mice, E a values were comparable for both the TAC and MI groups. This similarity may be attributable to the more conservative aortic banding methodology used in this study, which resulted in lower end-systolic presssures than reported in the literature (18) .
Effect of individual determinants of cardiac performance on strain and strain rate. To test the dependency of strain and strain rate on the different parameters that determine cardiac performance, ideally, one would have a model in which one of these parameters is varied while all other variables remain constant. However, due to the complex interplay between preload-afterload-contractility and HR, such pure chronic models in vivo are very difficult to create. For this reason, in this study, we chose to modulate different determinants of overall cardiac performance through LAD ligation, aortic banding, and dobutamine stress. Although the exact changes in preload, afterload, contractility, and LV mass in these models remain unknown, they did result in a wide range of preload, afterload, LV mass, and contractility conditions that allowed for a multivariable statistical analysis. An accurate identification of independent factors in a multivariable model is particularly important to perform statistically adequate analysis. Therefore, the parameters chosen in this study to represent preload, afterload, and contractility have been prospectively selected based on careful review of the existing literature.
Although HR could theoretically be modulated through pacing, we prospectively chose not to include a separate pacing group as previous independent studies in both large and small animals (24, 26) and in humans (3) have already proven that strain rate is HR independent. HRs were not significantly different between the three groups of mice at rest and varied primarily as a chronotropic effect of stress testing that was comparable for the three groups (Table 1) . Additionally, the existing colinearity between chronotropy and inotropy would potentially bias the interpretation of the findings from the multivariable analysis performed in this study. For these reasons, HR was not taken into account as an independent factor in the multivariate analysis.
A precise characterization of the preload, afterload, and contractile status of the heart is not trivial. Preload can be defined as the amount of prestretch of the myocardial fibers before activation as this will affect their maximal contractile force development through the length-tension relationship. As an estimate of fiber prestretch, end-diastolic LV volume or pressure are commonly used. Although both parameters have their strengths and limitations, end-diastolic pressure measurements seemed to be more reliable and reproducible in this experimental setting. Moreover, the animal models (MI and TAC) used in this study are associated with chronically changes in LV geometry along with volume changes over time and, hence, end-diastolic volume would not be an ideal measure of preload. For this reason, we used end-diastolic pressure as a surrogate measure of prestretch. Afterload is, in a strict sense, only defined in muscle strips as the load on the muscle. In the clinical setting, it is often approximated by end-systolic pressure. However, end-systolic pressure is dependent on both ventricular contractility and afterload, whereas E a more specifically reflects vascular tone in relation with the ejected blood volume and, therefore, might be a better index of afterload (12) . Finally, many invasive parameters have been proposed to accurately reflect myocardial contractile function. However, PRSW has recently been shown to be an optimal measure of contractility in mice as it is independent of preload and afterload (23) . Although each of the parameters prospectively chosen to represent preload, afterload, and contractility have their limitations, they would seem the most appropriate independent approximations in this experimental setting.
The multivariable analysis demonstrated that end-systolic strain relates more to altered afterload conditions than to any other determinant of overall cardiac performance. These data go beyond the already established "strain-load dependency" presumption, indicating that the effect of afterload on strain is so profound that it has the potential to dominate its sensitivity to contractility. As such, this study shows that end-systolic strain is a poor parameter to assess intrinsic myocardial contractility noninvasively.
Besides its primary dependency on afterload, circumferential strain also showed a significant correlation with LVMV, implying that increased LV mass is associated with higher peak systolic strain values, when corrected for afterload. This finding is in contrast to a recent experimental study (14) demonstrating that an increase in LV mass results in lower circumferential strain. However, in the latter study (14) , no correction was made for afterload; thus, the observed relationship might be primarily due to the increased hemodynamic load rather than to the increased LV mass alone. This volume dependency was not observed for radial strain. The reason for this discrepancy could be physiological in nature but could equally well be methodological. Indeed, radial strain could only be measured in the anterior and posterior LV segments as a result of the Doppler angle dependency. Therefore, the radial strain measurements in MI mice might be more variable as LAD ligation affects mainly the anterolateral segments of the LV and the radial sampling could have been in the border zone of the infarction. Second, intra-and interobserver variability were slightly higher for the radial measures compared with the circumferential measures (ϳ20% vs. 13% and 21% vs. 20%, respectively; cf. RESULTS), which is likely due to the intrinsically higher variance of the radial strain measurement. This increased variance could be explained by the fact that the length of the region of interest in which strain rate was estimated was close to the end-diastolic wall thickness in the normal mouse (i.e., 0.8 -1 mm). However, these values are comparable to those previously reported in the literature (25) . Although a longer estimation length improves the robustness of the strain rate estimate, it also made potential spillover of strong endo-and epicardial reflections more likely. This, in turn, would bias the strain estimation process. Obviously, the same effect would not be observed in the lateral wall where circumferential strain was estimated (Fig. 1) .
Peak systolic strain rate was found to be predominantly influenced by the altered inotropic state, demonstrating that its measurement does provide an accurate, direct noninvasive characterization of LV contractility that is not significantly influenced by other factors that determine overall cardiac performance, such as loading. These in vivo results seem to be in agreement with previous experiments in cardiac muscle strips, where it has been demonstrated that the velocity of fiber shortening is relatively constant at higher loads (13) . Given that cardiac cells operate in vivo at 80% of their maximal load capacity (9), one would anticipate that they operate on the flat part of this velocity of the shortening-loading relationship and therefore that the in vivo velocity of shortening (i.e., strain rate) would show a limited dependency on loading conditions. In addition to its dependency on myocardial contractility, radial strain rate was shown to be dependent on LVMV. This finding is consistent with a previous study (8) that demonstrated that increased LV mass is associated with reduced radial LV systolic function. Unexpectedly, circumferential strain rate did not show this volume dependency. The reason could be physiological in nature or because of limited statistical sensitivity due to large variances in strain rate values. However, both radial and circumferential strain rates primarily correlated with intrinsic myocardial function and thus seem to be more robust indexes of LV contractility than end-systolic strain.
Clinical implications. Although strain estimation was originally based on Doppler myocardial imaging, later developments of this methodology have allowed us to assess strain in a less angle-dependent and more time-efficient manner using speckle tracking echocardiography (15) . Recently, these speckle tracking echocardiographic approaches have also been applied successfully to volumetric ultrasound data, allowing us to measure all myocardial deformation components from a single acquisition (7) . Because of the advantages that these two-and three-dimensional methods seem to offer, most clinical studies are now focusing on using this technology. However, the additional strain components and increased field of view of the two-and three-dimensional methods come at the cost of temporal resolution of the strain data. As such, peak strain rates cannot be assessed appropriately with these new modalities despite the fact that this study shows that strain rate, and not strain, correlates with the intrinsic contractile status of the myocardium.
Limitations. Tissue Doppler-derived strain rate parameters were measured only in the radial and circumferential directions, since the anatomic position of the murine heart makes acquiring data from an apical view impractical. As a result, longitudinal function could not be assessed. Recent advancements in the field of cardiac ultrasound imaging systems have facilitated the possibility of measuring longitudinal function in small animals using speckle tracking-based strain analyses (2) . Moreover, due to Doppler angle dependency, radial and circumferential deformation parameters can be obtained only in the anterior/posterior and lateral LV segments, respectively. However, strain parameters were averaged over three ventricular levels to accurately reflect global systolic function.
In this study, the acute effects of preload and afterload alterations were not investigated. However, even a purely acute interventional model would not be ideal as preload, contractility, and afterload couple to one another and one cannot modulate one factor without influencing the other ones as well.
Obviously, each of the parameters chosen to represent preload, afterload, and contractility in this study have their limitations. However, they have been prospectively selected as they would seem the most appropriate independent surrogates in this experimental setting.
Conclusions. Strain (both radial and circumferential) is not a good surrogate measure of intrinsic myocardial contractility unless the strong confounding influence of afterload is considered. Strain rate is a more robust measure of contractility that is less influenced by changes in cardiac load and structure. Thus, peak systolic strain rate is the more relevant parameter to assess myocardial contractile function noninvasively.
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